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Abstract of Dissertation Presented to the Graduate School of 
the University of Florida in Partial Fulfillment of the 

Requirements for the Degree of Doctor of Philosophy 

CHARACTERIZATION AND PHYSIOLOGICAL SIGNIFICANCE OF 
BRAIN INSULIN RECEPTORS 

By 

Frederick Tilghman Boyd, Jr. 

Chairman: Mohan K. Raizada 
Major Department: Physiology 

August, 1985 

The brain has been considered an insulin-independent organ 

because of the limited penetration of insulin into the central 

nervous system (CNS). However, brain insulin and insulin binding 

sites and behavioral effects of centrally administered insulin 

have recently been reported. Differential cell culture techniques 

were used to determine which cell types from the CNS possess 

specific insulin receptors and what the actions of insulin might 

be on those cell types. 

It was determined that both cultured neurons and astrocyte 

glia possess specific, high affinity insulin receptors. Scatchard 

analysis of competition-inhibition experiments yielded biphasic 

plots for both neurons and astrocyte glia. Astrocyte glial cells 

exhibited no negative cooperativity as dissociation of bound 

labeled insulin proceeded at the same rate whether or not 

unlabeled insulin was present. 
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Neuronal and astrocyte glial insulin receptors were found to 

be regulated in distinctly different manners. Neuronal cells in 

culture were able to change their regulation of insulin binding in 

response to insulin under different culture conditions. In one 

culture condition insulin induced up regulation of insulin binding 

and in another insulin induced down regulation. Inhibition of 

glycosylation or protein synthesis had no effect on neuronal 

insulin binding. Astrocyte glial cells consistently exhibited 

down regulation of insulin binding in response to insulin with 

decreased binding being due to fewer high affinity receptors on 

the cell membrane. Inhibition of glycosylation reduced glial 

insulin binding and inhibition of protein synthesis increased 

insulin binding in manners typical of the responses of peripheral 

target tissues of insulin. These findings suggest that neuronal 

and glial insulin receptors may be structurally distinct and have 

different life cycles within the cell. 

The effect of insulin on neuronal monoamine uptake was 

studied to determine if insulin directly affects neuronal 

function. Insulin was capable of inhibiting more than 95% of 

specific norepinephrine uptake and was shown to be 600% more 

potent an inhibitor than the specific pharmacological 

norepinephrine uptake inhibitor, maprotiline. In addition, 

insulin stimulated serotonin uptake and had no effect on sodium

insensitive uptake. These findings demonstrate that insulin 

directly affects neuronal function and support the conclusion that 

insulin is a neuromodulator in the CNS. 
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CHAPTER I 
INTRODUCTION 

Insulin and the Brain 

Insulin was first isolated from the dog pancreas and used 

in the treatment of diabetes mellitus by Banting and Best in 1922 

(1). Within six years Schmidt (2) reported beneficial effect s of 

insulin, co-administered with carbohydrates to prevent 

hypoglycemic shock, in the treatment of psychoses. In 1935 Sakel 

(3) reported successful treatment of psychotic patients with 

insulin (hypoglycemic) shock therapy. This became the treatment 

of choice for schizophrenia, depression and psychosis until the 

advent of electroconvulsive shock therapy and the development of 

various psychotropic drugs (4). Thus insulin has an early 

history as a psychoactive drug. 

However, insulin's role as one of the primary hormones of 

glucose homeostasis has dictated that insulin research be focused 

on its actions in classical peripheral target tissues such as 

liver, muscle and adipose tissue. Blood glucose levels are 

acutely regulated by insulin via its stimulatory actions on liver 

gluconeogenesis and glucose uptake and metabolism in muscle and 

adipose tissue (5). Glucose supply to the brain must be 

1 
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maintained at adequate levels because the mature brain is a 

glucose obligate organ. Its sole energy substrate under normal 

circumstances is glucose and its metabolism is almost entirely 

aerobic (6). This is emphasized by clinical evidence that the 

prognosis of patients with acute brain ischemia is influenced by 

the level of carbohydrate present in the brain (7). When 

ischemia occurs in patients with high brain lactate levels, a 

lesion is produced with astrocyte glial and endothelial necrosis 

as well as neuronal death and cerebral edema. At lower lactate 

levels tissue damage is limited to selective neuronal damage ; 

astrocytes and endothelial cells are spared and no cerebral edema 

develops. Apparently astrocytes can function to defend brain 

tissue against the effects of anoxia if sufficient glucose is 

available. However, in vivo studies looking at the effect of 

insulin on brain glucose uptake or metabolism have consistently 

found no effect of insulin (8-11). As Morgan in Best and Taylor' 

classic text characterized the issue of insulin actions in the 

brain, "(brain) cells are notable for their lack of 

responsiveness to insulin"(l2, p. 79). 

Despite the classical notion of the brain as an insulin 

insensitive organ, Havrankova et al. (13) reported concentrations 

of insulin in the brain averaging 25 times the concentration of 

insulin in the blood. They demonstrated concentrations greater 

than 55 ng per gram wet tissue in the hypothalamus and olfactory 

bulb. This finding, along with their report of insulin receptors 

with similar distributions in the central nervous system (14), 
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suggested that an endogenous brain insulin system might exist. 

Considerable attention has been devoted to determining the source 

of brain insulin, that is whether insulin is concentrated by the 

brain from the blood or synthesized in the brain. It has been 

determined that in vivo brain insulin concentrations are 

independent of plasma insulin and that insulin is present in 

neurons cultured in the absence of insulin (15-17). Insulin 

content in cultured neurons is reduced by inhibition of protein 

synthesis (18) and recent studies have isolated an mRNA species 

in neuronal cultures which hybridizes to cDNA probes for insulin 

mRNAs (19), demonstrating that insulin is synthesized in neuronal 

cells. These findings necessitate the reevaluation of the role 

of insulin in the brain. These present studies have examined the 

responsiveness of neuronal cells to insulin and report here those 

findings. 

The Insulin Receptor 

The first step in the action of insulin in all tissues, 

including the brain, is its interaction with cell surface 

membrane receptors. Receptors are proteins which fulfill certain 

criteria which distinguish them from "binding sites." Binding to 

receptors displays kinetics of binding consistent with biological 

effects associated with the peptide, is saturable, temperature 

and pH dependent and specific for certain peptides. After 

interaction with the peptide message, receptors initiate specific 

actions which are characteristic of the peptide's biological 

effect. 
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Insulin receptors have been isolated from many different 

peripheral tissue types and characterized physically as well as 

kinetically and biologically. The insulin receptor is very 

similar among all peripheral tissues studied. Among the tissue 

types where insulin receptors have been identified are adipocytes 

(20), lymphocytes (21), fibroblasts (22-23), monocytes (22), 

erythrocytes (24), hepatocytes (25), liver cells (26), heart 

cells (27), and brain cells (14, 28). Isolated receptor 

complexes aggregate into clusters of from 300,000d to 3,000,000d. 

The single unit of the insulin receptor seems to have a molecular 

weight of 300,000d and is composed of two subunits, linked by 

disulfide bonds, called the a and S subunits. The 300,000d 

receptor is thought to exist in the membrane as ( as ) 2 , that is 

with 2 a subunits and 2 S subunits (29-31). The a subunit has a 

molecular weight of 135,000d and can be labeled with 125I-labeled 

insulin by various methods and so is thought to be the binding 

subunit of the receptor. The S subunit has a molecular weight of 

95,000d and is not labeled by 125I-insulin (29-32), although it 

seems to be associated with the kinase activity of the insulin 

receptor and thus is thought to be responsible for the initiation 

of the second messenger for insulin (33). The insulin receptor 

kinase associated with the S subunit is an autophosphorylase 

which stimulates phosphorylation primarily of tyrosine residues 

of the S subunit, although some stimulation of phosphoserine and 

possibly phosphothreonine occurs as well (34). 
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Both the aand S subunits are glycoproteins and are exposed 

to the external cell surface. Both subunits are adsorbed to 

lectin affinity columns and tunicamycin, an antibiotic which 

inhibits glycosylation, also inhibits insulin receptor expression 

(35-36). In addition, cell proteins biosynthetically labeled 

with carbohydrate are precipitated with anti-insulin receptor 

antibodies (37). 

Kinetics of Insulin Binding 

Binding properties of insulin to the insulin receptor are 

similar among the various peripheral tissues. Association of 

insulin with its receptor is rapid and consistently reaches 

equilibrium binding within two hours at room temperature. 

Binding is reversible, dilution of the labeled ligand or 

replacement of the binding ligand with an excess of unlabeled 

ligand results in reduction of specific binding. Typically more 

than 75% of cell-associated label is displaceable within two 

hours at room temperature. The remaining cell-associated ligand 

is interpreted as representing labeled ligand which has been 

internalized within the cell and thus cannot be dissociated. 

Insulin binding to all peripheral tissues is saturable, 

which means there are limited numbers of insulin receptors on any 

cell. Insulin from various animal species and peptides 

structurally related to insulin compete for porcine insulin 

binding (the standard assay condition) to extents related to 

their biological potency (26). Unrelated peptides do not compete 

for insulin binding, in fact there are no insulin antagonists 
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other than insulin receptor antibodies. Thus, the insulin 

receptor is specific for insulin and fulfills all the 

requirements of a peptide receptor. 

Regulation of Insulin Receptors 

Since the initiation of insulin's cellular actions is 

dependent on its interaction with insulin receptors on the cell 

surface, regulation of insulin receptor numbers is critical to 

determining the cell's responsiveness to insulin. Reduction of 

insulin binding was first observed in animal models of obesity, 

the obese/obese (ob/ob) and the diabetic/diabetic (db/db) mice 

(38, 39). Human studies also showed that obese subjects (162-

352% of ideal body weight) had markedly reduced insulin binding 

to circulating lymphocytes (40). Furthermore, insulin binding 

could be normalized with dietary restriction. It was proposed 

that changes in insulin binding in obese subjects was a result of 

high concentrations of circulating insulin and that insulin 

itself could reduce insulin binding (41). This process is known 

as "down regulation" and has been confirmed to occur in many 

tissues including cultured human lymphocytes (42), rat 

adipocytes, (43), rat hepatocytes (44), human fibroblasts (45), 

hepatoma cells (46), human IM-9 lymphocytes (47), and in vivo 

(48). Down regulation of the insulin receptor has been 

demonstrated to involve a reduction in the number of cell surface 

insulin receptors via increased degradation and/or 

internalization of the insulin receptor-insulin complex (42, 45, 

47, 49). Down regulation of insulin receptors has been 
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demonstrated in all peripheral tissues studied with the 

exceptions of cultured chondrosarcoma chondrocytes and possibly 

3T3-Ll lymphocytes (50-51), two transformed or transforming cell 

types. Thus insulin clearly regulates its own peripheral 

receptors with high concentrations of circulating insulin 

resulting in reduced cell surface insulin receptor numbers. 

Other physiological signals have also been demonstrated to 

regulate insulin receptor expression. In particular, thyroid 

hormone and glucocorticoids have been demonstrated to increase 

insulin receptor numbers (up regulation) (52-55). Concanavalin A 

has been shown to reduce insulin binding of frog erythrocytes by 

lowering the affinity of the high affinity receptor (56). 

Changes in intracellular cAMP can induce down regulation of 

insulin receptors independently of cell surface signals 

interacting with insulin receptors (57), and adenosine itself has 

been shown to alter cellular sensitivity to insulin by a 

postreceptor mechanism (58). These studies clearly show that 

regulation of cell surface insulin binding is an important 

physiological mechanism. 
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The Role of Glycosylation and Protein Synthesis 
in Insulin Receptor Expression 

The insulin receptor is a glycoprotein. Glycosylation is 

an important step in the insertion of newly synthesized recepto/ s 

or latent receptors in an intracellular pool into the cell 

membrane. Tunicamycin is an antibiotic which inhibits N-acetyl 

glycosylation of nascent peptides (59). Treatment of peripheral 

tissues with tunicamycin has been demonstrated to result in a 70%-

90% loss of insulin binding (60-63). This effect is due to a 

decrease in the number of insulin receptors on the cell surface 

in response to tunicamycin treatment. However, Kadle (39) has 

demonstrated that intracellular pools of insulin receptors are 

not reduced to as great an extent. This suggests that 

tunicamycin has effects on several processes involved in the 

expression of the fibroblastic insulin receptor, namely, required 

glycosylation of the insulin receptor itself, and glycosylation 

of proteins which are required for the surface expression of 

intracellular receptors. 

Inhibition of protein synthesis has variable effects on 

insulin receptor expression depending on the studied tissue. 

Incubation of various tissues with cycloheximide, a specific 

inhibitor of protein synthesis has increased insulin binding 

(mouse fibroblasts, 39); had no effect (human fibroblasts, 49); 

and decreased binding (3T3-Ll fatty fibroblasts, 59). 
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Recognized Actions of Insulin in the Brain 

Most investigators have approached the question of the role 

of insulin in the brain as "how does the action of insulin in the 

periphery affect the brain?" Many researchers have focused on 

the effect of insulin on blood concentrations of amino acids 

which are precursors to various neurotransmitters. Either 

insulin or glucose administration decreases blood concentrations 

of free tryptophan (60) (the amino acid precursor of serotonin), 

tyrosine (61) and phenylalanine (62) (the amino acid precursors 

of the catecholamines). Insulin and glucose increase brain 

concentrations of these amino acids (61, 63). 

The!se findings and others led to the hypothesis that 

insulin stimulates the transport of these amino acids into the 

brain (61). An alternative explanation to these findings has 

been that the stimulatory effect of insulin on peripheral uptake 

of the neutral amino acids which compete with tryptophan, 

tyrosine and phenylalanine for the brain transport system reduces 

competition for the brain uptake mechanism, thereby resulting in 

increased brain levels of these amino acids (64-65). Since the 

first step in synthesis of serotonin and catecholamines is rate 

limiting and normally unsaturated, the brain concentrations of 

these amino acid precursors influences the rate of synthesis of 

these transmitters and their concentrations in the brain (66-67). 

Both serotonin and catecholamine synthesis are influenced by meal 

content and the resultant insulin, glucose and amino acid 

concentrations in the blood (68-71). In conclusion, 
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insulin affects brain content of serotonin and catecholamines by 

altering the rate of uptake of their precursors into the brain, 

either by stimulating uptake directly or by altering the relative 

concentrations of neutral amino acids competing for a common 

uptake system. 

Many investigators have suggested that insulin interacts 

specifically with neurons of the hypothalamus and 

circumventricular organs to signal the brain about the current 

metabolic state of the body (72). Several lines of evidence 

suggest that insulin acts in the ventromedial hypothalamus to 

control feeding. The electrical activity of neurons in the 

hypothalamus is altered by injection of low quantities of insulin 

(73). Autoradiography with systemically injected 1251-insulin 

revealed localization of insulin binding sites on neuronal 

processes within the arcuate nucleus/median eminence (74). 

Infusion of insulin into the hypothalamus suppresses feeding in 

rats and baboons (75-76). Lesions of the ventromedial 

hypothalamus result in hypersecretion of pancreatic insulin (77). 

Established neural connections from the insulin receptive neurons 

in the hypothalamus and insulin concentrating neurons in the area 

postrema to the vagal nuclei may provide information regarding 

the insulin state of the animal to these parasympathetic centers 

(78). These centers, in turn, regulate insulin secretion by the 

pancreas, thus providing a feedback control loop for insulin 

secretion (79). 
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Lesions of the ventromedial hypothalamus, in addition to 

resulting in insulin hypersecretion, also result in an increase 

in the duration of sleep (80). This finding has spawned research 

into possible brain actions of insulin in regulating sleep. 

Administration of insulin into the lateral ventricles increased 

the daily duration of slow wave sleep with no effect on 

paradoxical (REM) sleep (81). Intravenous or intraventricular 

administration of anti-insulin antibodies caused a decrease in 

daily slow wave sleep duration. Neutralization of endogenous 

insulin resulted in more frequent waking from slow wave sleep. 

Paradoxical sleep was unchanged by any of these treatments. 

In addition to interactions of insulin with the brain in 

the context of classical metabolic roles of insulin, several 

studies have suggested that insulin acts directly as a 

neuromodulator within the central nervous system. Barbaccia et 

al. (82) suggested a role for insulin as a neuromodulator 

interacting with the dopamine system active in olfactory bulbs. 

Sauter et al. (83) reported that insulin at high doses stimulates 

release of dopamine, norepinephrine and epinephrine from 

hypothalamic slices. Saller and Chiodo (84) have demonstrated 

changes in firing rates of nigrostriatal dopamine neurons by 

insulin and Palovcik et al. (85) have demonstrated changes in 

firing rates of hippocampal neurons by insulin. These studies 

suggest that insulin may have direct effects on neural function. 
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In conclusion, insulin is recognized to have many actions 

within the brain, but little synthesis has occurred to explain 

the significance of brain insulin and brain insulin binding 

sites. In addition, studies of the role of insulin in the brain 

have been complicated by the use of mixed populations of cells. 

Researchers have assumed that the brain is a homogeneous tissue 

with respect to the effects of insulin studied. Thus, 

contrasting effects of insulin on distinct cell types in the 

central nervous system might go unnoticed. In fact, the brain is 

a heterogeneous population of diverse cell types which have 

distinct functions within the central nervous system and can be 

regulated differentially by different factors. 

Although neuronal cells are the primary excitable cells in 

the brain, there are glial cells which serve important metabolic 

functions as well as modulating neurotransmission by various 

mechanisms. Glial cells serve to support and compartmentalize 

the neuronal network within the brain. Radial glia are important 

structures leading to the migration of specific neurons and the 

development of certain neuronal circuits. Astrocyte glial cells 

are sources of Nerve Growth Factor (NGF), which may serve as an 

important trophic factor in brain development. Thus glial cells 

appear to be important in the development of specific neural 

connections. 

In addition to a role in development, astrocyte glial cells 

are morphologically suited to control local concentrations of 

metabolic substances and neurotransmitters. Astrocytes have a 
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large number of processes which serve to compartmentalize the 

brain. These processes tend to terminate with enlargements on 

blood vessels or around synaptic elements of neurons (86). 

Astrocytes contain significant stores of glycogen which is 

depleted from astrocytes during anoxia. It has been demonstrated 

that glycogen is broken down in response to elevated cAMP leve ls 

within the cell and glial cells have been demonstrated to respond 

to catecholamines via B receptors to stimulate cAMP accumulation. 

It is conceivable, then, that neurons can signal astrocyte glial 

cells to liberate pyruvate or glucose from stores of glycogen i n 

emergency situations. 

In addition, astrocytes have been demonstrated to modulate 

neurotransmitter metabolism. In particular, astrocyte glial 

cells have been shown to actively take up y-aminoisobutyric acid 

(GABA) in several preparations (87, 88, 89). Astrocytes can also 

synthesize and release GABA in response to potassium-evoked 

depolarization (90, 91). Schrier and Thompson (91) suggest that 

astrocytic glioma cells either secrete or take up GABA to 

maintain external GABA concentration around 0.7 uM. The 

interactions of neurons and glia have been extensively studied 

and reviewed comprehensively by Varon and Somjen (92). Glial 

cells clearly have significant roles in the control of local 

concentrations of important metabolic and neuroactive substances 

and need to be considered when actions of putative neuroactive 

substances are studied. 
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In these studies, differential culture techniques were 

developed and utilized to investigate the differential 

responsiveness to insulin of specific cell types from the 

central nervous system. This method allows study of responses of 

a single cell type without the interferences of other cells and 

other variables. Specifically, these studies were designed to 

determine which cell types from the central nervous system 

possessed specific insulin receptors, how those receptors were 

regulated and what effect insulin exerts via high affinity 

specific insulin receptors. These studies were carried out in 

the context of an ongoing project in the laboratories of Drs. 

Raizada, Kappy and Clarke elucidating the role of insulin as an 

important metabolic and neuroactive substance in the brain. 



CHAPTER II 
METHODS 

Differential culture techniques were developed to 

selectively grow neurons or astrocyte glial cells from the rat 

brain. Generally accepted methods were adapted to tissue culture 

to determine experimental parameters. 

Animals and Solutions 

One-day-old Sprague-Dawley rats were obtained from our 

breeding stock. Dulbecco's Modified Eagle's Medium (DMEM), 

Temin's Modification of Eagle's Medium (TMEM), fetal bovine serum 

(FBS) and horse serum (HS) were purchased from GIBCO, Grand 

Island, New York. Plasma derived horse serum (PHS) was from 

HyClone Laboratories, Logan, Utah. Deoxyribonuclease I and lx 

crystallized trypsin (190 U/mg) were from Worthington 

Biochemicals, Freehold, New Jersey. Bovine serum albumin, 

Fraction V (BSA), poly-L-lysine (MW 150,000), cytosine 

arabinoside, 2-Deoxy D-glucose, HEPES (N-2 hydroxyethylpiperazine

N1-2 ethane-sulfonic acid) and tunicamycin were from Sigma 

Chemicals, St. Louis, Missouri. Crystalline porcine insulin, 

guinea pig insulin, proinsulin and glucagon were gifts of Lilly 

15 
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Research Laboratories, Indianapolis, Indiana. Chicken insulin, 

human growth hormone and desoctapeptide insulin were gifts of the 

NIH and NIADDK pituitary hormone distribution program. Purified 

IGF-II was kindly provided by Dr. Peter Nissley of NIH. 2-(G-3H) 

Deoxy D-glucose (specific activity=8 Ci/mmole), D(6-3H-(N)) 

glucosamine hydrochloride (specific activity 19.0 Ci/mmol), ( 3H}

valine (specific activity 56.8 Ci/mmol), (-)-(7-3H(N)}

norepinephrine (specific activity 16.9-24.0 Ci/mmol), (-)-( 3H}

serotonin (specific activity 16.9-24.0 Ci/mmol) and (-)-( 3H}

dopamine (specific activity 16.9-24.0 Ci/mmol) were obtained from 

125 New England Nuclear, Boston, Massachussets. The I was 

purchased as labeled NaI from the Amersham Corp., Arlington 

Heights, Illinois. Porcine insulin was iodinated by the method 

of Freychet et al., (93) and separated from NaI on coarse grade 

cellulose (Whatman) as described by Lesniak (94) using dilute 

chloramine T. The 125I-insulin produced was 90-96% 

trichloroacetic acid (TCA) precipitable and had a specific 

activity of 150-180 uCi/ug. Iodinated insulin obtained by this 

method was used for insulin binding experiments without further 

purification of individual insulin isomers. 125 B26-labelled I-

porcine insulin was kindly provided by Dr. Bruce Frank of Eli 

Lilly Laboratories, Indianapolis, Indiana. 

Neuron-Enriched Brain Cell Cultures 

Primary neuron-enriched cultures were prepared as described 

previously (16) from brains of one-day-old rats. Brains were 
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removed from the cranium at the leve l of the medulla oblongata 

and placed in isotonic salt solution (Appendix, Solution D). All 

pia mater and blood vesse ls were carefully removed from the 

brains, which were then washed twice with isotonic salt solutjon 

and minced to about 1- to 2-mm3 pieces. The minced tjssue was 

subjected to trypsin and deoxyribonuclease treatments to 

dissociate single cells (Appendix, Trypsin and 

Deoxyribonuclease). Dissociated cells were suspended in 

Dulbecco's Modified Eagles Medium (Appendix, DMEM) containing 10% 

fetal bovine serum (FBS) and sedimented at 500 g for 10 min. 

After washing the cell pellet once, they were suspended in DMEM 

containing 10% FBS. Cells were plated onto Falcon 60 mm plastic 

tissue culture dishes which had been coated with poly-L-lysine 

6 (Appendix, Poly-L-lysine) at a density of 8 x 10 cells/plate. 

Dishes were incubated at 37°c in a humidified incubator with 5% 

co2-95% air. Cells were allowed to establish in culture for 3 

days. Medium was replaced with DMEM containing 10% horse serum 

(HS) with 10 uM cytosine arabinoside (Appendix, Cytosine 

Arabinoside) to inhibit the multiplication of dividing cells, 

predominantly glial cells. After 48 h, medium containing 

cytosine arabinoside was replaced with DMEM containing 10% HS. 

Cells were maintained in culture for 14 days with the medium 

replaced every 5 days before being used for experiments. 

Microscopic examination of these cultures reveals two 

populations of cells. The majority of established cells have 

small, phase dark cell bodies with extensive processes (Fig. 1). 
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Many of these cells aggregate together in small clusters while 

others exist as single cells. The processes form an extensive 

network of interconnections between cells. Immunocytochemical 

characterization of these cultures with antibodies to the enzyme, 

neuron-specific enolase (NSE), a specific marker for neurons, has 

revealed that these cells are neurons (16). These cells 

represent more than 80% of the total populations of established 

cells in these cultures. These cells overlay a layer of large 

flat cells of glial origin which constitute the second population 

of cells in these cultures. 

Glial-Enriched Brain Cell Cultures 

Astrocyte glial cultures were prepared as previously 

described (95) from brains of one-day-old rats. Primary cultures 

are prepared as described above with the following exceptions. 

After sedimentation cells were resuspended in DMEM with 10% FBS 

to a density of 1.0 x 106 cells per ml. Cells were inoculated in 

10 ml of growth medium onto Falcon 100 mm plastic tissue culture 

dishes which had been coated with poly-L-lysine at a density of 

lOx 106 cells/plate. Dishes were incubated at 37° Cina 

humidified incubator with 5% co2-95% air. Cells began to attach 

to the culture dishes immediately and 90-96% were attached to 

dishes within 30-60 min. Medium was replaced with fresh DMEM 

with 10% FBS every 3 days until cultures were confluent 



Figure 1: Phase contrast photomicrograph of neuronal cultures. 
Neuronal cultures were prepared as described in the text. 
Neurons are small phase dark cells with projections 
extending out from the cell soma. Cell soma are 6 to 10 
um across. A glial cell can be seen on the left edge of 
the photomicrograph. Glial cells are large, flat 
transparent cells underlying neurons. Bar represents 10 
um. 
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(as determined by microscopic examination). Examination of these 

cultures revealed heterogeneous populations of cells consisting 

predominantly of large, flat, phase light cells which have been 

identified as nonneuronal, glial cells and a subpopulation of 

small, phase dark cells with extensive processes which have been 

identified as neurons (16, 95). These cultures were washed once 

with 5 ml of Solution D and dissociated by mild trypsin treatment 

for approximately 10 min. Trypsin digestion was terminated with 

DMEM containing 10% FBS, cells were transferred to sterile 

centrifuge tubes and sedimented at 500 g for 10 min . Dissociated 

cells were resuspended in DMEM containing 10% FBS a nd inoculated 

in 10 ml of growth medium onto 60 mm plastic tissue culture 

dishes at a density of 5 x 105 cells per plate. Cells were 

maintained in a humidified incubator at 37°c in 5% co2 , 95% air, 

fed every 5 days with DMEM containing 10% FBS and used for 

experiments when confluent as determined by microscopic 

examination, usually within three weeks of primary culturing·. 

Phase contrast examination of cultures demonstrated a monolayer 

of large flat cells which have been identified as of glial origin 

(18, 28) (Fig. 2) . In addition, irnrnunocytochemical analysis with 

antibodies to glial fibrillary acidic protein (GFAP), a marker 

specific for astrocytes, demonstrated that these cultures contain 

more than 95% astrocyte glial cells (Fig. 3). 



Figure 2: Phase contrast photomicrograph of astrocyte glial 
cultures. Astrocyte glial cultures were prepared as 
described in the text. 
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Figure 3: Immunocytochemical staining of astrocyte glial cells with 
glial fibrillary acidic protein antibody. Astrocyte glial 
cultures were fixed in 3.7% paraformaldehyde in PBS for 2 
h, then in Triton X-100. Fixed cells were incubated with 
rabb~t anti-GFAP antibody for 24 h in a humidified chamber 
at 4 C. Cultures were then allowed to warm to room 
temperature and labeled with mouse anti-rabbit second 
antibody and prepared for observation by the biotin-avidin 
me thod. 



25 



26 

Fibroblast Cultures 

2 
A 2 cm patch of skin was removed from the back of ether 

anesthetized mice. This piece of skin was soaked in TMEM 

containing 200 units of penicillin G and 200 ug of s treptomyc in 

per ml of medium. After 10 min the tissue was cut into 2 mm 2 

pieces and 7-10 pieces were placed in a 100 mm culture dish, 

outer side up. A sterile, 3 mm2 piece of glass slide was pressed 

on top of each skin piece. Six ml of TMEM with 15% FBS and 100 

units of penicillin G and 100 ug of streptomycin per ml was added 

to the culture dishes. Cultures were incubated at 37°c in a 

humidified incubator with 5% co2 and 95% air. Cultures were fed 

with fresh TMEM and 15% FBS every third day. Fibroblasts grew 

out of the skin explants within two days and reached confluency 

in 10-12 weeks. 

When cultures reached confluency, cells were dissociated 

off the dishes with a mild trypsin treatment. Trypsinization was 

halted by addition of TMEM with 15% FBS, cells were transferred 

to a sterile centrifuge tube and pelleted at 500 x g for 10 min. 

The pellet was resuspended in TMEM with 15% FBS and inoculated 

6 onto 100 mm tissue dishes at a density of 1 x 10 cells per dish 

in a volume of 8 ml of TMEM. Alternatively, cells were 

5 inoculated into 35 mm dishes at a density of 1 x 10 cells per 

dish in 2 ml of TMEM. When 35 mm plates were confluent, cultures 

were used for experiments. 
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f 125 l. . d. Measurement o I-Insu in Bin ing 

Neuronal Cultures 

· d · f 125 ' 1. t 1 . 1 11 d Bin ing o I-insu in o g ia ce s was measure as 

described previously (96). Neurons cultured as described above 

were washed twice with 4 ml of phosphate buffered saline 

(Appendix, PBS), pH 7.4, containing 0.9 mM calcium chloride and 

0.49 mM magnesium chloride. Triplicate culture dishes were 

incubated at 24°c with 1 ml of HEPES buffer (Appendix, HEPES 

Buffer), pH 7.4, containing 1.6% BSA and either 0.4-0.5 nM of a 

racernic mixture of 1251-insulin (150,000-200,000 cpm) or 150,000-

200,000 cpm of B26 labeled 1251-insulin to determine total 

binding. Triplicate cultures were also incubated simultaneously 

. h 1 1 f ff 1 6 125 ' 1. d 16 7 wit rn o HEPES bu er, . % BSA, I-insu in an • uM 

unlabeled porcine insulin to determine nonspecific binding. 

Following incubation, the cultures were rapidly washed four times 

with ice-cold PBS, pH 7.4. The attached cells were dissolved in 

1.0 ml of 0.2 N NaOH and transferred to counting tubes. The 

dishes were rinsed with 1 ml of water which was combined with the 

original samples. Radioactivity was determined in a gamma 

counter with a counting efficiency of 73% for 125r. Specific 

125 r-insulin binding was calculated by subtracting nonspecific 

binding from total binding and normalized to the protein content 

of each dish as measured in aliquots of the solution by the 

method of Lowry et al. (97) 
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Glial and Fibroblast Cultures 

· d' f 125 · 1· 1· 1 11 d Bin ing o I-1nsu 1n tog 1a ce s was measure as 

described previously (96) and essentially as described above for 

neuronal cultures except pH 7.6 was used instead of pH 7.4. 

· d' f 1251 · 1· t f'b bl t it d Bin ing o -insu 1n o i ro as cu ures was measure a s 

described above except pH 8.0 was used instead of pH 7.4. 

Light Microscopic Autoradiography 

Binding of 1251-insulin to neuronal cultures was loca l ized 

by light microscopic autoradiography. Insulin was bound to 

neuronal cultures as described above except that cultures were 

incubated with 500,000 cpm 1251-insulin per dish. Following the 

incubation, cultures were washed twice with ice cold PBS and were 

then fixed with 3.7% glutaraldehyde in PBS, pH 7.2, for 30 min a t 

4°c. After fixation, cultures were washed twice with PBS and 

then dehydrated through graded alcohols and air dried. The 

dishes were coated with liquid nuclear emulsion (Ilford KS), 

diluted 1:1 with distilled water containing 2% glycerol, 

according to the method of Rogers (98). Plates were dried 

overnight over silica gel at room temperature and then stored at 

s0 c in light tight boxes. After 3 weeks of exposure, the 

emulsions were developed for 2 min in D-19 diluted 1:1 with 

water, rinsed with water and fixed for 2 min with 20% sodium 

thiosulphate. The dishes were finally washed for 10 min with 

distilled water and the cells examined by phase contrast 

microscopy . 
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Measurement of Protein Synthesis and Glycosylation 

. f 3 1· 3 1 . . . Incorporation o H-va 1ne or H-g ucosamine into protein 

was measured as indices of protein synthesis or glycosylation, 

respectively. One uCi/ml of labeled compound was added to the 

medium in which cultures were growing. After incubation for 60 

min. at 37°c, cells were washed twice with ice cold PBS, twice 

with ice cold 10% (w/v) trichloroacetic acid (TCA), once with ice 

cold 5% TCA, twice with ethanol/ether (3:1, v/v), then dissolved 

in 0.2 N NaOH. Dissolved cells were transferred to plastic tubes 

and each dish was rinsed with 1.0 ml distilled water which wa s 

combined with the original sample. A 1.0 ml aliquot of each 

sample was combined with 10 ml LiquiscintR a nd radioactivity was 

determined in an LKB Liquid Scintillation counter (model 1215) 

with a counting efficiency of 57% for tritium. A 1.0 ml aliquot 

of each sample was taken for protein determination by the method 

of Lowry et al. (97). 

Measurement of Monoamine Uptake 

Uptake of 3tt-monoamines into cultured brain cells was 

determined in cells attached to 60 mm culture dishes. Growth 

medium was removed and cells were washed once with PBS, 37°c, pH 

7.4, containing Cac1 2 (0.75 mM), MgC1 2 (0.75 mM) and glucose (30 

mM). Uptake was determined by incubating cultures with 1.0 ml of 

PBS containing pargyline (100 uM), ascorbate (200 uM) and 0.1 uM 

of the appropriate {-)-( 3HJ-monoamine for 2 min. Previous 

studies (99) have shown that inclusion of 100 uM pargyline in the 
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uptake reaction almost completely prevents deamination of NE t o 

dihydroxy-phenylglycol after NE is taken up int o the cells. 

Following the incubation, the reaction mixture was removed and 

dishes were washed twice with ice cold PBS, pH 7.4. Cells were 

dissolved in 0.2 N NaOH and were transferred to plastic tubes. 

Each dish was rinsed with 1.0 ml distilled water which was 

combined with the original sample. A 1.0 ml aliquot of each 

sample was combined with 10 ml LiquiscintR and radioacti v i ty 

determined in an LKB Liquid Scintillation counter (Model 1215) 

with a counting efficiency of 57% for tritium. 

uptake was expressed as pmol/mg protein. 

3 . H-monoamine 

All monoamines (norepinephrine (NE), epinephrine (EPI), 

dopamine (DA), and serotonin (5-HT) are taken up by the various 

amine uptake systems with relatively high affinities. It i s 

necessary to determine specific uptake of a particular monoamine 

by subtracting uptake in the presence of a specific monoamine 

uptake inhibitor from total uptake in analogy with determining 

specific binding by subtracting nonspecific binding from total 

binding to determine specific binding (Fig. 4). In these studies 

maximally effective doses of specific uptake inhibitors were used 

in the nonspecific uptake reaction mixtures to determine 

nonspecific uptake. The right panel of Fig. 4 illustrates the 

experimental protocol to determine specific NE uptake. 

Maprotiline was used as a specific blocker of NE uptake, and 

fluvoxamine as a specific 5-HT uptake blocker. In addition, 

since all specific monoamine uptake sites are sodium sensitive, 
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nonspecific uptake was determined by measuring 3e-monoamine 

uptake in the absence of sodium in the reaction mixture. 



Figure 4: Schematic of monoamine uptake experiments. All 
monoamines are taken up with high affinity by 
the various monoamine uptake systems. To 
determine specific uptake it is necessary to 
subtract nonspecific uptake (in the presence of 
specific uptake inhibitors) from total uptake. 
Maprotiline is a specific inhibitor of 
norepinephrine (NE) uptake. 
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CHAPTER III 
KINETIC AND AUTORADIOGRAPHIC CHARACTERIZATION OF 

NEURONAL AND GLIAL INSULIN RECEPTORS 

In order to determine which specific cell types from the 

rat brain might respond to insulin, it was necessary to determine 

which cell types possess specific insulin receptors. Receptors 

are proteins which fulfill certain criteria which distinguish 

them from "binding sites." Binding to receptors displays 

kinetics of binding consistent with biological effects associated 

with the peptide, is saturable, temperature and pH dependent and 

specific for certain peptides. The receptor must also have 

sufficient affinity for the proposed ligand to explain 

physiological effects of the ligand. 

In these studies, the insulin binding assay described in 

Chapter II was modified in ways to determine if astrocyte glial 

and neuronal insulin binding sites satisfy the major kinetic 

criteria to be termed insulin receptors. Specifically, the time 

courses of association and dissociation, ligand specificity, 

saturability and the affinity of the binding sites for porcine 

insulin were determined for both cell types, using differential 

cell cultures. 

34 
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Experimental Procedures 

Time Courses of Association and Dissociation 

To determine the time course of association, triplicate 

plates of neuronal or glial cultures were incubated with 150,000 

cpm/ml of B26 labeled 1251-insulin with and without 16.7 uM 

unlabeled porcine insulin for increasing time periods from 5 min 

to 3 h. At the appropriate time, cultures were washed with ice-

la PBS t h lt b . d' d b d 1251 · 1· co o a in ing an remove un oun -insu in, 

dissolved in 0.2 N NaOH, scraped and counted as described in 

Chapter II. The time course of dissociation was determined by 

incubating neuronal or glial cultures with 1251-insulin with or 

without 16.7 uM unlabeled insulin as described above for the 

period determined to result in equilibrium binding. The binding 

reaction mixture was then aspirated from the plates labeled with 

12 5 I . 1 . 1 d 1 d . th 1 f b ff d 1 6 % -insu in a one an rep ace wi one m o u er an • 

BSA either with or without 16.7 uM unlabeled porcine insulin. At 

times from 2 min to 3 h, triplicate plates were washed four times 

with ice cold PBS, cells dissolved in 0.2 N NaOH, plates scraped 

and samples counted. 

Specificity 

Specificity of the astrocyte glial or neuronal binding site 

for insulin was determined by incubating glial or neuronal 

cultures with various peptides with known abilities to compete 

f 
125 · 1 · b · d . . h 1 . 1 . or I-insu in in ing at perip era insu in receptors. 

Triplicate cultures were incubated for 2 h with 150,000 cpm/ml of 

B26 labeled 1251-insulin and increasing concentrations of chicken 

insulin, human insulin, porcine insulin, guinea pig insulin, 
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proinsulin, desoctapeptide insulin, glucagon, gr owt h hormone, and 

relaxin. Cultures were washed four times with ice cold PBS , 

dissolved in 0.2 N NaOH, plates scraped and samples count ed and 

assayed for protein content as described in Chapter II. 

Saturability and Affinity 

Saturability of insulin binding to glia and neurons wa s 

· t· t db t' for 1251 · 1 · b ' d ' ·th inves iga e y compe ing -insu in in ing wi 

increasing concentrations of porcine insulin as described above 

in the specificity experiments. Saturability was de t ermined by 

the inability of increasing concentra t ions of unlabe led porcine 

insulin to further displace 1251-insulin binding. These da t a 

were then plotted by the method of Scatchard (100) to determine 

the affinities of the neuronal and glial insulin binding sites 

for porcine insulin. 

Light Microscopic Autoradiography 

1251 · 1. b. d. 1 1. d 1 1 b -insu 1n in ing was oca ize on neurona cu tures y 

light microscopic autoradiography as described in Chapter II. 

Results 

Neuronal Insulin Binding 

Binding of 1251-insulin to neuronal cultures was time and 

H d d t Th t . f 1251 · 1· b' d' t p epen en. e ime course o -insu in in ing o 

neuronal cultures showed that equilibrium binding was reached 

after 2 hat 24° C (Fig. 5a). The T112 of association was 35 

min. Total binding of 1251-insulin to neuronal culture s at 

equilibrium was 6.3 ~0.1% (mean~ S. E.M. of total radioactivity/ 

mg prote in); and nonspecifi c binding was 0.9 + 0.1 %. 



Figure 5: . t' d d. . t. f 125 . 1' 1 Associa ion an issocia ion O I-insu in to n1~5ona 
cultures. Neuronal cultures were incubated with I
insulin for indicated time periods as described in the 
text. When binding had reached a steady state, the 
binding reaction mixtures was aspirated from the cells and 
replaced with 16.7 uM unlabeled porcine insulin. Data are 
representative of two experiments and are expressed as 
mean+ S.E.M. 
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More than 90% of bound 1251-insulin could be dissociated within 2 

h after addition of a large excess (16.6 uM) of unlabeled porcine 

insulin (Fig. Sb). The T112 of dissociation of 1251-insulin was 

15 min. The optimum pH for binding was 7.4. 

C t · t· f 1251 · 1· b ' d' b h · d ompe i ion or -insu in in ing y ot er pepti es 

structurally or physiologically related to insulin showed 

competition for binding proportional to their biological act i vity 

at peripheral insulin receptors (Fig. 6). The order of potency 

· d · 1 ' 125 . 1 . h . k . 1 . h . 1 . in isp acing I-insu in was c ic en insu in > uman i nsu i n= 

porcine insulin> proinsulin > guinea pig insulin. Growth 

hormone and glucagon did not compete for insulin b i nding. 

Cells were incubated with 1251-insulin in the presence of 

increasing concentrations of unlabeled porcine insulin for 2 h 

(Fig. 7). The rc50 for inhibition of 1251-insulin b i nding by 

porcine insulin was 16.7 nM. These data were analyzed by the 

method of Scatchard (100) and resulted in a curvilinear plot 

(Fig. 8). The apparent affinity constants were calculated using 

a model for two classes of binding sites. The apparent high 

affinity site has a dissociation constant (Kd) of 11 nM and the 

low affini ty site a Kd of 65 nM. The high affinity binding 

capacity (B
0

) was 0.4 pmol/mg protein and total binding capacity 

was 1.8 pmol/mg protein. 

Autoradiographic microscopy was performed to determine 

h h 12 S · 1 · b . d . t th 11 wet er I-insu in was in i ng to neurons or o e sma 

percentage of glial cells which persist in these cultures. 



Figure 6: Competition for neuronal 1251-insulin binding by 12~ated 
peptides. Neuronal cultures were incubated with !
insulin and indicated concentrations of related peptides: 
human insulin (()), porcine insulin (~), guinea pig 
insulin (i'.'.l), proinsulin (~), glucagon (()) and growth 
hormone (4t) for 2 hat 24 C. Data are representative 
of three experiments and are expressed as mean+ S.E.M. 
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Figure 7: Competition-i£2~bition curve of unlabeled porcine insulin 
for neuronal 125insulin binding. Neuronal cultures were 
incubated with I-insulin and the indicated 
concentrations of unlabeled porcine insulin for 2 hat 24° 
C. Data are representative of four experiments and are 
expressed as mean+ S.E.M. 
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Figure 8: Scatchard plot of insulin binding to neuronal cultures. 
Data from Fig. 7 were replotted as Bound/Free vs. Bound. 
The slopes of the lines are related to the Kd of binding 
and the X-intercept is the binding capacity {B). The 
data were analyzed by a model for two receptor0 sites and 
revealed a high affinity Kd of 11 nM and a low affinity Kd 
of 65 nM. The binding capacity was 1.8 pmol/mg protein. 
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Exposure of Ilford KS emulsion for three weeks to 1251-insulin 

labeled neuronal cultures revealed discrete grains specifically 

associated with neurons in these cultures (Fig. 9). Neurites 

had a higher density of grains than neuronal soma (Fig. 9a-b). 

Not all neurons exhibited autoradiographic grains (Fig. 9c). No 

. f. 1 1 · t. f 1 b 1 d h 1251 . 1' speci ic oca iza ion o a e occurre wen -insu in was 

bound to cultures in the presence of 16.6 uM unlabeled porcine 

insulin. 

Glial Insulin Binding 

Astrocyte glial cultures specifically bound 1251-insulin. 

. d. f 125 . 1. 1. 1 11 24° . d . dl Bin ing o I-insu in tog ia ce sat C increase rapi y 

for the first 60 min. and reached a plateau by 90-120 min (Fig. 

10a). The T
112 

of association was 10 min. Binding remained 

constant for up to 150 min, when insulin degradation (20% of the 

total insulin) interfered with accurate binding determinations. 

At equilibrium, approximately 1% of the total 
125

1-insulin was 

specifically bound to glial cultures per mg protein. When 

cultures were incubated with 1251-insulin for 2 h to reach 

equilibrium, the reaction mixture aspirated and replaced with 

16 7 1 b 1 d · 1 · 125 · 1. d . . t d f 1. 1 • uM un a e e insu in I-insu in issocia e rom g ia 

cultures in a time-dependent manner (Fig. 10b). Approximately 

95% f 
1251 · 1. d. . d . h. 75 . . th T f 8 o -insu in issociate wit in min wi a 

112 
o 

min indicating rapid reversibility of insulin binding. However, 

the rate of dissociation of 1251-insulin was not decreased by 

addition of buffer alone at the initiation of the dissociation 

period (Fig. 11). 



Figure 9: · h · · t d' h f 125 · 1· b d L1g t microscopic au ora 1ograp yo I-1nsu 1n oun to 
neuronal cul1~5es. Neuronal cultures wer5 incubated with 
500,000 cpm I-insulin for 60 min at 24 C, washed four 
times with ice-cold PBS, then fixed with 3.7% 
glutaraldehyde for 30 min. Cultures were washed twice 
with ice cold PBS, then coated with Ilford KS emulsion. 
Emulsion was exposed for two weeks and developed for 
visualization by light microscopy. Panel A shows discrete 
autoradiographic grains over soma of neuronal cells, Panel 
B shows discrete grains on neurites from neuronal cells, 
and Panel C shows control autoradiograms where binding was 
carried out in the presence of 16.7 uM unlabeld porcine 
insulin. 
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. 10 . t. d d. . t. f 1251 . 1 · t Figure : Associa ion an issocia ion o -insu in o astrocyte 
glial12~ltures. Astrocyte glial cultures were incubated 
with I-insulin for indicated time periods as described 
in the text. When binding had reached a steady state, the 
binding reaction mixtures was aspirated from the cells and 
replaced with 16.7 uM unlabeled porcine insulin. Data are 
representative of three experiments and are expressed as 
mean+ S.E.M. 
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Figure 11: Dissociation of 
125

1-insulin from astrocyte glial cultures 
with and without unlabeled porcine l~~ulin. Astrocyte 
glial cultures were incubated with I-insulin for 2 hat 
24° C. Binding reaction mixture was aspirated and 
replaced with either 16.7 uM unlabeled porcine insulin~) 
or PBS (()). Data are representative of two experiments 
and expressed as mean+ S.E.M. 
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B · d · f 125 . 1 · 1. 1 1 bl d in ing o I-insu in tog ia cu tures was satura e an 

specific for insulin. Binding of 1251-insulin was inhibited by 

unlabeled insulins and related peptides (Fig. 12). Chicken 

insulin was equipotent with porcine insulin in inhibiting the 

b . d. f 1251 ' 1. . . . 1. . . 1 . in ing o -insu in, guinea pig insu in, porcine proinsu in, 

insulin-like growth factor II competed with less potency 

consistent with their insulin-like biological activity in other 

tissues, whereas desoctapeptide insulin, glucagon, relaxin and 

human growth hormone did not inhibit binding. 

C 11 · b d · h 12 5 · 1 · · th f e s were incu ate wit I-insu in in e presence o 

increasing concentrations of unlabeled porcine insulin for 2 h. 

(Fig. 13). The rc50 for inhibition of 1251-insulin binding by 

porcine insulin was 30 nM. These data were analyzed by the 

method of Scatchard (100) and resulted in a curvilinear plot 

(Fig. 14). The apparent affinity constants were calculated using 

a model for two classes of binding sites. The apparent high 

affinity site has a dissociation constant (Kd) of 13.7 nM and 

high affinity binding capacity of 0.2 pmol/mg protein and the low 

affinity Ka of 357 nM with a total binding capacity (B
0

) of 3.83 

pmol/rng protein. 

Discussion 

Cultured cells from newborn rat brain were used to 

kinetically characterize insulin binding sites on astrocyte glia 

d B . d' f 1251 · 1· t b th 11 t · an neurons. in ing o -insu in o o ce ypes is 

consistent with classical binding of ligand with receptor. In 

particular, binding is rapid, reversible, saturable, and specific 

for various insulins and related peptides. 



Figure 12: Competition for astrocyte glial 1251-insulin binding by 
relat1~5peptides. Astrocyte glial cultures were incubated 
with I-insulin and the indicated concentrations of 
related peptides: human insulin (~), porcine insulin (() 
) , guinea pig insulin (~), proinsulin (~), relaxin, 
human growth hgrmone, glucagon, and desoctapeptide insulin 
for 2 hat 24 C. Data are representative of two 
experiments and expressed as mean+ S.E.M. 
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Figure 13: Competition-inhibiti~~5curve of unlabeled porcine insulin 
for astrocyte glial I-insul~~ binding. Astrocyte glial 
cultures were incubated with I-insulin and the 
indicated concentrations of unlabeled porcine insulin for 
2 hat 24° C. Data are representative of four experiments 
and expressed as mean+ S.E.M. 
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Figure 14: Scatchard plot of insulin binding to astrocyte glial 
cultures. Data from Fig. 7 were r eplotted as Bound/Free 
vs. Bound. The slopes of the lines are related to the Ka 
of binding and the X-intercept is the binding capacity 
(B). The data were analyzed by a model for two receptor 
si~es and revealed a high affinity Kd of 13.7 nM and a low 
affinity Kn of 357 nM. The binding capacity was 3.83 
pmol/mg protein. 
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B . d · f 125 . 1. 1. 1 1 . in ing o I-insu in tog ia cu tures was more rapid 

than binding to neuronal cultures (T
112 

of associations, 10 min 

vs 35 min, glia vs neurons) although binding reached equilibrium 

within 2 h in both culture systems. Dissociation times were 

approximately equivalent. Neuronal cells in culture have greater 

ff · · t f 125 · 1 · th 1 . 1 11 . 1 a ini y or I-insu in an astrocyte g ia ce sin cu ture 

(11 nM and 65 nM vs 13.7 and 357 nM, high and low affinity Kds 

for neurons and glia, respectively), although this difference is 

not marked. Considerable variability exists between independent 

neuronal cultures which may account for observed differences in 

binding kinetics. 

At d . h ' t h · d t t that 1251-i· nsuli'n u ora iograp ic ec niques emons ra e 

binding sites exist on both neurites and cell soma of neurons in 

culture, confirming that the observed insulin binding sites in 

neuronal cultures are primarily due to neuronal insulin binding, 

not to the small proportion of astrocyte glia which contaminate 

the preparation. 

In general, insulin binding to both neuronal and glial 

cultures is similar to insulin binding to other known peripheral 

target tissues for insulin (32). The only consistently 

observable difference in insulin binding to these cultures as 

compared to their peripheral counterparts appears to be lack of 

negative cooperativity of glial insulin receptors. That is, the 

rate of dissociation of insulin from glial cultures is not 

increased when dissociation occurs in the presence of excess 

insulin as compared to dilution with buffer alone. This finding 
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has been previously reported in whole brain preparations (101) 

and is confirmed here to occur in astrocytes. 

Both neurons and astrocyte glial cells in culture possess 

binding sites for insulin with kinetics consistent with those of 

classical insulin receptors. These findings suggest that neurons 

and astrocyte glia cells may be responsive to insulin, whether of 

central or peripheral origin. Subsequent chapters address the 

questions of how insulin binding to neurons and glia is regulated 

and what effect insulin may have on neurons via interaction with 

these specific insulin binding sites. 



CHAPTER IV 
REGULATION OF NEURONAL AND GLIAL 

INSULIN RECEPTORS BY INSULIN 
AND INHIBITORS OF GLYCOSYLATION AND PROTEIN SYNTHESIS 

Regulation of insulin binding to a cell is one of the 

primary physiological methods for altering a cell's 

responsiveness to insulin. Down regulation of insulin receptors 

by insulin is ubiquitous among peripheral tissues (42-48). Since 

the insulin receptor is a glycoprotein, inhibition of 

glycosylation affects insulin receptor expression. Treatment 

with tunicamycin, an inhibitor of glycosylation has been 

demonstrated to result in a reduction in insulin binding in 

peripheral tissues (60-63). However, inhibition of protein 

synthesis has had variable effects on insulin binding to 

peripheral tissues. It seems that treatment with cycloheximide, 

an inhibitor of protein synthesis, results in an increase in 

insulin binding, presumably by decreasing the rate of loss of 

receptors from the cell surface (39). Experiments were carried 

out to determine what effect incubation with insulin, 

tunicamycin, and cycloheximide had on neuronal and astrocyte 

glial insulin binding. 

62 
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Results 

Effect of Insulin on Neuronal and Astrocyte Glial Insulin Binding 

Neuronal and glial cultures were incubated at 37°c for 24 h 

with increasing concentrations of porcine insulin in PBS to 

determine how neuronal and glial insulin binding were affected by 

increased extracellular insulin. Contrasting results were 

obtained from neuronal cultures prepared in slightly different 

ways. Neurons cultured in 10% fetal bovine serum (FBS) for the 

first three days of culture (FBS/HS neurons) responded to 

elevated concentrations of insulin (up to to 3 uM insulin) by 

increasing insulin binding by a maximum of 86% with 3 uM. The 

Eo50 of insulin stimulated increase in FBS/HS neurons was 100 nM 

(Fig. 15). However, when neurons were cultured in 10% plasma 

derived horse serum (PHS) for the first three days of culture 

(PHS/HS or PHS/PHS neurons) elevated concentrations of insulin 

resulted in reduced insulin binding (Fig. 15). A maximum 

decrease in PHS/HS neuronal insulin binding of 53% was observed 

with incubation of cells with 166 nM insulin with an ED50 of 5 nM 

insulin. Decreased insulin binding in PHS/HS neurons appears to 

be due to a reduction in maximum binding capacity and not a 

reduction in the rate of association (Fig. 16). 

Astrocyte glial cultures (cultured continuously in 10% FBS) 

responded to increasing concentrations of insulin by decreasing 

specific glial insulin binding. Maximum reduction of 125I

insulin binding to 35% of control binding was observed with 

incubation of cells for 24 h with 166 nM insulin. The ED50 for 

reduction of insulin binding by insulin was 16 nM (Fig. 17). 



Figure 15: Effect of insulin on neuronal insulin binding. Neuronal 
cultures prepared for the first three days of culture in 
10% FBS, and subsequently in 10% HS (FBS/HS,~), 
initially in 10% Plasma Derived Horse Serum, then 10% HS 
(PHS/HS,~), or continuously in PHS (PHS/PHS,()) were 
incubated with the indbcated concentrations of porcine 
insulin for 24 hat 37 C. Insulin binding was then 
assayed as described in the text. Data are representative 
of t en experiments and presented as mean+ S.E.M. 
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. 16 . . f 125 . 1· 1 1 / Figure : Association o I-insu in to neurona cu tures. PHS HS 
neuronal cultures were either incubated (~) are not 
incubated (()) with 166.7 nM insuli~sfor 24 hat 37° C. 
Cultures were then incubated with I-insulin for the 
indicated time periods and binding measured. Data are 
expressed as mean+ S.E.M. 
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Figure 17: Effect of insulin on astrocyte glial insulin binding. 
Astrocyte glial cultures were incubated with the indicated 
concentrations of porcine insulin for 24 hat 37° c. 
Insulin binding was then assayed as described in the text. 
Data are representative of six experiments and presented 
as mean+ S.E.M. 
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Addition of 166 nM insulin resulted in significant reduction of 

insulin binding within 4 h with maximum reduction of binding 

observed by 30 h {Fig. 18). Insulin binding was assayed in 

insulin-treated {down regulated) and untreated astrocyte glial 

cells in the presence of increasing concentrations of unlabeled 

porcine insulin {Fig. 19). The Ic50 for inhibition of 125I

insulin binding by porcine insulin was unchanged by treatment 

with insulin (30 nM control vs 40 nM insulin treated). These 

data were analyzed by the method of Scatchard (100). The major 

change in the binding parameters between control and insulin

treated glial cells was a reduction in the number of high 

affinity binding sites by insulin treatment (0.25 pmol/mg protein 

vs 0.12 pmol/mg protein, control vs insu l in treated) {Fig. 20). 

Effect of Tunicamycin 
On Neuronal and Astrocyte Glial Insulin Binding 

Neuronal and astrocyte glial cultures were incubated with 

increasing doses of tunicamycin {TM) to determine effective doses 

for inhibition of glycosylation as determined by inhibition of 

incorporation of 3tt-glucosamine into TCA insoluble material. It 

was determined that 0.28 uM TM was an effective dose for both 

neuronal and astrocyte glial cultures, inhibiting 73% of neuronal 

glycosylation {data not shown) and 60% of glial glycosylation 

{Fig. 21). 

Incubation of neuronal cultures with varying concentrations 

f f 24 h h d ff 1 125 . 1. b. d . o TM or a no e ect on neurona I-insu in in ing 



Figure 18: Time course of down regulation of glial insulin binding by 
insulin. Astrocyte glial cultures were incubated with 
16.7 uM insulin for the indicated time periods and insulin 
binding assayed as described in the text. Data are 
representative of two experiments and presented as mean+ 
S.E.M. 
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Figure 19: Competition-inhibition by porcine insulin of 125I-insulin 
binding to normal and down regulated astrocyte glial 
cultures. Astrocyte glial cultures were either incubated 
(~) or not incubated (()) with 16.7 uM porcine insulin 
for 2f2g at 37° C. Subsequently cultures were incubated 
with I-insulin and the indicated conc~ntrations of 
unlabeled porcine insulin for 2 hat 24 C. Insulin 
binding was assayed as described in the text. Data are 
representative of four experiments and and are expressed 
as mean+ S.E.M. 
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Figure 20: Scatchard plots of normal and down regulated astrocyte 
glial cells. Data from Figure 20 were replotted by the 
method of Scatchard and reveal that the decrease in 
insulin binding observed by incubation of astrocyte glial 
cells with insulin is due to a loss of high affinity 
insulin receptors and not a marked change in the 
affinities of the glial insulin receptor. 
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Figure 21: Effect of tunicamycin on astrocyte glial glucosamine 
incorporation. Astrocyte glial cultures were incubated 
with the indicated concentrations of tunicamycin (TM) for 
24 hat 37° C. Glucosamine incorporation into TCA 
insoluble substance was measured as described in the text 
and used as an index of glycosylation of proteins. Data 
are expressed as mean~ S.E.M. 
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(Fig. 22). In contrast, incubation of both astrocyte glial and 

fibroblastic cultures for 24 h with TM caused a significant 

reduction in insulin binding (Fig. 22). A maximum reduction of 

insulin binding of 60% was achieved with both astrocyte glial 

cultures and fibroblastic cultures with 0.28 uM TM with an ED50 

of 20 nM. Astrocyte glial cultures were incubated for 24 h with 

varying concentrations of insulin with or without 0.28 uM TM to 

determine whether TM affected the process of down regulation. 

Incubation of cultures with TM blocked the reduction in insulin 

binding normally resulting from incubation of cultures with 

insulin (Fig. 23). 

Effect of Cycloheximide 
On Neuronal and Astrocyte Glial Insulin Binding 

Cycloheximide (CHX) effectively inhibits protein synthesis 

in both neuronal cultures and astrocyte glial cultures with 0.35 

uM CHX inhibiting 73% of neuronal protein synthesis (data not 

shown) and 70% of astrocyte glial protein synthesis (Fig 24) as 

measured by inhibition of incorporation of 3H-valine into TCA 

insoluble material. Incubation of neuronal cultures with CHX 

resulted in dose-independent increase in insulin binding, with 

maximum increase in neuronal insulin binding occuring with 0.35 

nM CHX (Fig. 25). This concentration of CHX has no effect on 

neuronal protein synthesis. 

Incubation of astrocyte glial cultures with increasing 

concentrations of CHX for 68 h resulted in a dose-dependent 



Figure 22: Effect of TM on neuronal, astrocyte glial and fibroblastic 
insulin binding. Neuronal (~), astrocyte glial (()) and 
fibroblastic (II) cultures were incubated with the 
indicated concentrations of TM for 24 hat 37° C. Insulin 
bi nding was assayed as described in the text and data are 
representative of six experiments and expressed as mean+ 
S.E.M. 
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Figure 23: Effect of inhibition of glycosylation on down regulation 
of astrocyte glial insulin receptors by insulin. 
Astrocyte glial cultures were incubated with indicated 
concentrations of insulin with (~) or without (()) 0.28 
uM TM for 24 hat 37° C. Insulin binding was assayed as 
described in the text and data are representative of two 
experiments and expressed as mean+ S.E.M. 
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Figure 24: Effect of cycloheximide on valine incorporation into 
protein in astrocyte glial cultures. Astrocyte glial 
cultures were incubated with the indicated concentrations 
of CHX for 24 hat 37° C. Valine incorporation into TCA 
insoluble substance was measured as described in the text 
and used as a measure of protein synthesis. Data are 
representative of two experiments and expressed as mean+ 
S.E.M. 
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Figure 25: Effect of inhibition of protein synthesis on neuronal 
insulin binding. Neuronal cultures were incubated with 
the indicated concentrations of CHX for 24 hat 37° C. 
Insulin binding was assayed as described in the text and 
data are representative of three experiments and and 
expressed as mean+ S.E.M. 
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increase in insulin binding, with 0.35 uM CHX resulting in a 70% 

increase in glial insulin binding (Fig. 26). Incubation of 

astrocyte cultures with 0.35 uM CHX resulted in a time-dependent 

increase in binding, with a significant increase in binding 

occuring by 38 hand a maximum increase of 480% of control 

binding occuring at 84 h, although reduced cell viability 

resulted in large experimental error at time periods greater than 

72 h (Fig. 27). Insulin binding was assayed in astrocyte glial 

cultures treated with or without 0.35 uM CHX for 72 h. The IC50 

of 20 nM for inhibition of 125I-insulin binding by unlabeled 

porcine insulin was unchanged by CHX treatment (Fig. 28). When 

these data were analyzed by the method of Scatchard (100), it was 

apparent that the CHX induced increase in astrocyte glial insulin 

binding was due to an increase in the number of high affinity 

sites (Fig. 29). 

Astrocyte glial cultures were incubated with increasing 

concentrations of insulin in the presence or absence of CHX to 

determine whether protein synthesis is important for the process 

of insulin-induced downregulation of ast.rocyt.e glial insulin 

receptors. Incubation of cultures with 0.35 uM CHX blocked the 

insulin-induced down regulation of insulin binding (Fig. 30). 



Figure 26: Effect of inhibition of protein synthesis on astrocyte 
glial insulin binding. Astrocyte glial cultures were 
incubat6d with the indicated concentrations of CHX for 48 
hat 37 C. Insulin binding was assayed as described in 
the text and data are representative of two experiments 
and expressed as mean percentage of total radioactivity 
bound per mg protein+ S.E.M. 
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Figure 27: Time course of increase in astrocyte glial insulin binding 
by inhibition of protein synthesis. Astrocyte glial cells 
were incubated with 0.35 uM CHX at 37° C for the indicated 
time periods. Insulin binding was determined as described 
in the text and data presented as mean+ S.E.M. 
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. 28 t' . 'nh'b't' f . . 1· f 125 Figure : Compe ition-i ii ion curve o porcine insu in or !-
insulin binding to normal and CHX-treated astrocyte glial 
cultures. Astrocyte glial cultures were ingubated with 
0.35 uM CHX (()) or not (tt) fo12~a hat 37 C. Cultures 
were washed and incubated with I-insulin and the 
indicated concentrations of porcine insulin. Insulin 
binding was measured as described in the text. 
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Figure 29: Scatchard plots of normal and CHX-treated astrocyte glial 
cells. Data from Figure 28 were replotted by the method 
of Scatchard and demonstrate that the increase in glial 
insulin binding after incubation of cells with CHX is due 
to an increase in surface high affinity insulin receptors. 
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Figure 30: Effect of inhibition of protein synthesis on down 
regulation of astrocyte glial cells by insulin. Astrocyte 
glial cultures were incubated with (~) or without (()) 
0.35 uM CHX ang the indicated concentrations of insulin 
for 24 hat 37 C. Insulin binding was measured as 
described in the text and data presented as mean+ S.E.M. 
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Discussion 

Neuronal insulin receptors in culture are unique in their 

responses to extracellular insulin. Neuronal cells cultured in 

10% FBS for the first three days of culture respond to insulin by 

increasing specific insulin binding in contrast to all other 

normal tissues in which insulin binding has been studied. 

However, if neurons are cultured initially in plasma derived 

horse serum (PHS), neurons regulate their insulin binding in a 

manner typical of other tissues. Neurons apparently have the 

novel ability to change their responsiveness to insulin during 

the early stages of culture. Since FBS has many more growth 

factors than PHS, this evidence suggests that there is a factor 

present in FBS but absent in PHS which irreversibly alters the 

regulation of neuronal insulin binding. Alternatively, there may 

be interactions established between astrocyte glia cells 

persisting in neuronal cultures which are dependent on some 

factor to be established. Type II diabetes mellitus is thought 

to be, in large part, due to a defect in regulation of insulin 

binding. Further investigation of these changes in neuronal 

insulin binding regulation with culturing conditions may have 

clinical relevance in the understanding and treatment of Type II 

diabetes. 

These observations have important implications for the 

usefulness of neuronal cultures as models for normal neuron 

function in the central nervous system. They suggest that normal 

neurons may have a degree of plasticity and can change essential 

points of their metabolic responses to physiologic stimuli. 
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However, it is essential to determine what the normal responses 

of neurons in vivo are to these stimuli. Neuronal cultures must 

be recognized as models, and not normal situations, to study 

neuronal function. 

Astrocyte glial cells in culture down regulate their 

insulin receptors in response to extracellular insulin in a 

manner similar to down regulation observed in other tissues. 

This down regulation occurs over a short time course suggesting 

that it may be physiologically significant in regulating 

astrocyte glial responsiveness to insulin. Glial down regulation 

results from a reduction in the number of high affinity insulin 

receptors in a manner analogous to that of insulin responsive 

peripheral tissues. 

Inhibition of glycosylation has different effects on 

insulin receptor expression in neuronal and astrocyte glial 

cultures. Neuronal insulin binding is not affected by incubation 

with tunicamycin (TM), an inhibitor of glycosylation. This 

suggests that glycosylation is not an important step in the 

processing of the neuronal insulin receptor. Other investigators 

have found that the brain insulin receptor is smaller than 

peripheral receptors and have suggested that this difference may 

be due to reduction in the carbohydrate moities present on the 

receptor protein (101). Previous studies have suggested 

glycosylation is an essential step for the receptor protein to be 

able to be inserted into the cell membrane. Thus, TM induced 

reductions in insulin binding are due to reduced insertion of 
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synthesized receptors into the cell membrane. This may be the 

mechanism of TM induced reduction of insulin binding in astrocyte 

glial cultures, however, it is also apparent that TM eliminates 

insulin-induced down regulation, suggesting that glycosylation is 

also essential for some aspect of ligand-induced internalization 

in astrocyte glial cells. 

Treatment of neuronal and astrocyte glial cultures with 

cycloheximide (CHX) also produced different results. Neuronal 

insulin binding was increased by CHX treatment, however this 

increase in binding occurred at a dose which does not inhibit 

protein synthesis and no further increase in binding was noted at 

higher concentrations. This suggests that protein synthesis is 

not as important in the maintenance of normal levels of neuronal 

insulin binding as has been found in other tissues although this 

effect could also be due to reduced turnover of neuronal membrane 

proteins or inhibition of synthesis of an enzyme essential to 

internalization at extremely low concentrations of CHX. 

Astrocyte glial insulin binding is increased by CHX 

treatment at concentrations similar to those concentrations at 

which CHX inhibits protein synthesis. This increase in insulin 

binding is due to increased high affinity binding sites. These 

findings are consistent with the hypothesis that protein 

synthesis is essential to the normal internalization (turnover) 

of unoccupied receptors. However, protein synthesis also seems 

to be essential for insulin-induced internalization of the glial 

insulin receptor as well. CHX treatment blocks insulin-induced 

down regulation of glial insulin receptors. 
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These findings indicate that neuronal and glial insulin 

receptors are regulated differently. Further study of the newly 

differences in neuronal and astrocyte glial regulation of insulin 

binding may have important implications for the understanding of 

insulin's physiological significance in the brain as well as the 

responses of peripheral cells to insulin. 



CHAPTER V 
MODULATION OF NEURONAL MONOAMINE UPTAKE 

BY INSULIN 

The central nervous system has been considered insulin 

independent because of the limited penetration of pancreatic 

insulin into the brain. However, with the demonstration of 

insulin and insulin binding sites in the brain (13-17), and 

subsequent characterization of specific insulin receptors on 

neurons and astrocyte glial cells in culture (Chapter III) the 

possible role of insulin in brain metabolism and function needs 

to be reconsidered. Several studies have suggested that brain 

insulin plays a role in neuromodulation. Barbaccia et al. (82), 

suggested a role for insulin as a neuromodulator interacting with 

the dopamine system active in olfactory bulbs. Sauter et al. 

(83), reported that insulin at high doses stimulates release of 

dopamine, norepinephrine and epinephrine from hypothalamic 

slices. Saller and Chiodo (84) have demonstrated changes in 

firing rates of nigrostriatal dopamine neurons by insulin and 

Palovcik et al. (85) have demonstrated changes in firing rates of 

hippocampal neurons by insulin. 

Clearly, these studies are complicated by the use of 

various whole brain preparations, making it extremely difficult 

103 
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to prove a direct effect of insulin on neurotransmitter 

processes. Neuronal cultures are a good model for studying 

direct actions of insulin on neurons. Sumners et al. have shown 

that neuronal cultures contain catecholamines (102) and possess 

specific uptake mechanisms for catecholamines which are inhibited 

by specific norepinephrine (NE) uptake blockers, such as 

maprotiline, but not by serotonin uptake inhibitors (99). 

The direct effect of insulin on monoamine (catecholamine 

and serotonin) uptake was studied to determine if insulin 

directly affects neurotransmitter metabolism. Uptake is the 

primary route of inactivation of the monoamines, so changes in 

the rate of uptake of these neurotransmitters results in changes 

in the duration of action of the transmitter at the synapse. 

Although the various uptake systems are specific for their 

particular amine in the sense that there are specific inhibitors 

of each uptake system, each monoamine is taken up by each uptake 

system with relatively high affinity. To determine insulin's 

effect on a particular uptake system, it was necessary to examine 

changes in specific uptake, that is the differences between total 

uptake and uptake which was insensitive to specific blockers. In 

particular, insulin's effect on total catecholamine uptake, 

specific norepinephrine uptake, specific serotonin uptake and . 

sodium-independent uptake. The findings suggest that insulin may 

exert neuromodulatory effects directly on neurons by altering the 

inactivation of synaptic transmitter by reuptake. 
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Experimental Procedures 

Uptake of 3H-monoamines into cultured neurons was 

determined as described in Chapter II. To determine the effect 

of insulin on monoamine uptake, cultures were pretreated with 

various concentrations of unlabeled porcine insulin with or 

without maximum effective concentrations of uptake inhibitors for 

10 min at 37° c. The same concentration of insulin and uptake 

inhibitors was included in the reaction mixture during the uptake 

period. The time course of insulin's effect on NE uptake in 

neuronal cultures was studied by preincubating cultures with a 

maximally effective concentration (167 nM) for varying times from 

Oto 60 min. Specific inhibitors used to assay specific 

norepinephrine and serotonin uptake were rnaprotiline and 

fluvoxarnine, respectively. 

Results 

Preincubation of neuronal cultures with insulin for 10 min 

resulted in a dose-dependent reduction in total NE uptake with 

maximum inhibition of 30% of total uptake at 1.67 x 10-7 
M 

insulin (Fig. 31). At this concentration of insulin inhibition 

of NE uptake was evident by 5 min of preincubation, reached 

maximum inhibition by 10 min and remained unchanged over a one 

hour time course (Fig. 32). 

The specific NE uptake inhibitor, maprotiline, inhibited NE 

uptake in a dose-dependent manner with maximal inhibition of 30% 

of total NE uptake occurring at 100 uM rnaprotiline (Fig. 33). 

Insulin was capable of inhibiting over 95% of maprotiline-



Figure 31: Effect of insulin on neuronal monoamine uptake. Neuronal 
cultures were preincubated with the indicased 3 concentrations of insulin for 10 min at 37 C. H
norepinephrine uptake was then assayed as described in the 
text. Data are representative of six experiments and 
presented as mean~ S.E.M. 
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Figure 32: Time course of inhibition of neuronal monoamine uptake by 
insulin. Neuronal cultures were incubated with 16.7 uM 
insulin for the indicated time periods and monoamine 
uptake assayed as described in the text. Data are 
expressed as mean~ S.E.M. 
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Figure 33: Effect of maprotiline on neuronal norepinephrine uptake. 
Neuronal cultures were incubated with the indicated 
concentrations of maprotiline, a specific inhibitor of 
norepinephrine uptake, for 10 min at 37° C. 
Norepinephrine uptake was assayed as described in the text 
and data are representative of two experiments and 
expressed as mean~ S.E.M. 
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sensitive uptake (Fig. 34). This effect was statistically 

significant by 1.67 x 10-11M with an Ic50 of 8 x 10-11 M. Maximum 

inhibition occurred at 1.67 x 10-7 M. In addition, in 

experiments where specific neuronal NE uptake sites were 

maximally inhibited by 100 uM maprotiline, insulin was capable of 

stimulating maprotiline-insensitive uptake by 30%. 

The serotonin specific uptake inhibitor, fluvoxamine, 

inhibited uptake of 3H-serotonin in a dose-dependent manner with 

maximal inhibition of 38% of total serotonin uptake occuri ng a t 

10 uM (Fig. 35). Insulin stimulated specific serotonin uptake 

with maximum stimulation of 148% of control uptake occuring wi t h 

1.6 X 10-7 M insulin (Fig. 36) • Sodium ion in the uptake buffer 

was replaced with choline ion and NE uptake experiments 

performed. Removal of sodium ion reduced total NE uptake by 39%. 

Increasing doses of insulin had no effect on sodium insensiti ve 

uptake (Fig. 37). 

M t . l ' t d f 125 I . 1 . b. d. . d apro i ine compe e or -insu in in ing in a ose 

dependent manner. Maximum inhibition of insulin binding was 

observed with 1 uM maprotiline (Fig. 38). Cells were incubated 

. t h 125I . 1 . . h f . . . f wi -insu in int e presence o increasing concentrations o 

unlabeled porcine insulin with or without 100 uM maprotiline. 

This competition data was plotted by the method of Scatchard 

(100) and demonstrated that insulin bindi ng in the presence of 

100 uM maprotiline has only one apparent binding site with an 

affinity (Kd) of 90 nM (Fig. 39). 



Figure 34: Effect of insulin on specific neuronal norepinephrine 
uptake. Neuronal cultures were incubated with the 
indicated concentrations of insulin with or without 100 uM 
maprotiline. Specific neuronal uptake was determined by 
subtracting nonspecific uptake (in the presence of 
maprotiline) from total uptake (in the absence of 
maprotiline). Data are representative of six experiments 
and presented as mean+ S.E.M. 
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Figure 35: Effect of fluvoxamine on neuronal serotonin uptake. 
Neuronal cultures were incubated with the indicated 
concentrations of fluvoxamine, a sgecific inhibitor of 
serotonin uptake, for 10 min at 37 c. Serotonin uptake 
was assayed as described in the text and data are 
expressed as mean~ S.E.M. 
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Figure 36: Effect of insulin on specific serotonin uptake. Neuronal 
cultures were incubated with the indicated concentrations 
of insulin with or without 100 uM fluvoxamine. Specific 
uptake was determined by subtracting nonspecific uptake 
(in the presence of fluvoxamine) from total uptake (in the 
absence of fluvoxamine). Data are representative of two 
experiments and presented as mean+ S.E.M. 
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Figure 37: Effect of insulin on sodium-independent monoamine uptake. 
Neuronal cultures were incubated with the indicated 
concentrations of insulin for 10 min at 37° C in uptake 
buffer in which sodium ion had been replaced by choline 
ion. Norepinephrine uptake was assayed as described in 
the text and data are representative of two experiments 
and presented as mean~ S.E.M. 



120 

co 

-~ 
0) -

C: 

::i 
Ult 
c· 

0 
0) 'r'" 

0 
I 

'r'" 
'r'" 

C\J 
'r'" 



Figure 38: Competition by maprotiline for neuronal 1251-ins~~~n 
binding. Neuronal cultures were incubated with !
insulin and the indicated concentrations of maprotiline 
for 2 hat 37° C. Data are representative of four 
experiments and expressed as mean+ S.E.M. 



1.0 

C, 0.8 
z 
0 z -
CD 0.6 
(.) 

u::: 
(.) 
w 

0.4~ I ..... 
CL rv 
en rv 

-;:R. 0 

0.2 

0 
9 8 7 6 5 4 

- LOG MAPROTILINE CONCENTRATION (M) 



Figure 39: Scatchard plots of neuronal insulin binding with and 
withoy25rnaprotiline. Neuronal cultures were incubated 
with I-insulin and varying concentrations of porcine 
insulin with (()) and without (~) 100 uM maprotiline. 
These data were plotted by the method of Scatchar~2~nd 
reveal that 100 uM maprotiline completely blocks !
insulin binding to the high affinity neuronal insulin 
receptor. 



,.... 
0 
0 .,... 
X ...... 

4.0 

3.0 

w 
w 
a: 
u. 2 .0 -C z 
::> 
0 
m • 

1.0 

O'-----------'----------'---------~~ 
0 0.5 1.0 1.5 

INSULIN BOUND (PMOL/MG PROTEIN) 

I-' 
N 
J:,. 



125 

Discussion 

Norepinephrine uptake has been well characterized in this 

culture system. Neuronal NE uptake is sodium, temperature, time 

and concentration dependent. Uptake is inhibited by specific 

inhibitors of neuronal NE uptake such as maprotiline and 

desmethylimipramine. Autoradiographic characterization of this 

uptake system has shown that NE uptake is specific to a 

subpopulation of neurons in culture. This implies that cultured 

neurons maintain specific monoamine uptake mechanisms. The 

neuronal culture amine uptake systems are identical to the in 

vivo uptake mechanisms in these respects and is a good model 

system for investigating modulation of monoamine uptake into 

neurons. 

We have used this system to study the effect of insulin on 

monoamine uptake. Insulin has effects in neuronal cultures at 

concentrations which suggest that the neuronal insulin receptor 

mediates certain physiological actions of brain insulin. Insulin 

inhibits total norepinephrine uptake into neurons at a 

concentration as low as 1.67 x 10-11 M. This concentration of 

insulin binds less than 5% of total neuronal insulin receptors 

which implies that neurons are very sensitive to insulin 

inhibition of NE uptake. Furthermore, insulin is capable of 

inhibiting over 95% of specific NE uptake at 1.67 x 10-7 
M 

suggesting that insulin is a very potent inhibitor of neuronal NE 

uptake. Insulin is also capable of significant stimulation of 

norepinephrine uptake occurring by other than specific 

norepinephrine uptake sites. This reflects, at least partially, 
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stimulation of serotonin uptake by insulin. The effect of 

insulin on specific dopamine and epinephrine uptake has not been 

studied yet because of the lack of good pharmacological 

inhibitors of DA or EPI uptake. However, insulin has no effect 

on sodium insensitive uptake suggesting that all the effects of 

insulin seen are due to direct effects on specific uptake 

mechanisms. 

Insulin and maprotiline inhibit NE uptake to the same 

extent. However, insulin is 600 times more potent in inhibiting 

NE uptake than maprotiline. Maprotiline also competes for high 

affinity insulin binding and maximally effective doses at 

blocking NE uptake completely block the high affinity insulin 

receptor. This is the first demonstration of competition for 

high affinity insulin binding by a synthetic, pharmacological 

compound. This suggests that insulin and maprotiline may both be 

inhibiting NE uptake via interaction with a high affinity insulin 

receptor. 

Maprotiline is a clinically effective antidepressant drug 

with its mechanism of action thought to be related to its 

inhibition of specific NE uptake. As was noted in Chapter I, 

insulin had an early history as an antidepressant treatment. 

When taken with the inhibition of NE uptake by low concentrations 

of insulin and competition by maprotiline for high affinity 

insulin receptors these findings suggest that insulin may be an 

endogenous substance with antidepressant properties. This may 

have important implications for the development of future 
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antidepressant treatments as insulin is so much more potent at 

inhibiting NE uptake than rnaprotiline. More potent 

antidepressants may be found by studying structure-function 

relationships of insulin on inhibiting NE uptake and 

synthetically mimicking the important domain of insulin. 



CHAPTER VI 
CONCLUSIONS 

These studies have utilized unique cell culture techniques 

to investigate the brain insulin system. The brain has 

classically been considered an insulin independent tissue, 

largely because of the limited penetration of peripheral insulin 

beyond the blood-brain barrier. However, within the last seven 

years, insulin has been isolated from the brain (13, 15-18), 

insulin binding sites have been demonstrated in the brain (14), 

and numerous studies have demonstrated in vivo effects of insulin 

acting in the central nervous system (CNS) (72-85). However, the 

use of preparations of mixed cells made it difficult to determine 

whether the components of the brain insulin system were of 

neuronal or glial origin. 

A major component of these studies has been the development 

and standardization of culture techniques which enable the 

investigator to preferentially grow either neuronal cells or 

astrocyte glial cells from the newborn rat brain. Neuronal 

cultures develop extensive networks of neurites with soma of 

approximately 6-10 um, have spontaneous electrical activity, and 

128 
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possess components of various neurotransmitter systems. 

Astrocyte glial cultures express the astrocyte glial specific 

marker, glial fibrillary acidic protein. These cultured cells 

exhibit many of the characteristics of neuronal or glial cells in 

vivo and are good models to study possible physiological actions 

of various agents on either neurons or astrocyte glial cells. 

However, this is a model system and findings from models must be 

confirmed, where possible, in the "real", in vivo situation. 

These studies have demonstrated that both neurons and 

astrocyte glial cells have specific insulin receptors. These 

receptors have binding characteristics similar to insulin binding 

in peripheral tissues. Binding of 1251-insulin to both neurons 

and astrocyte glial cells is rapid and reversible, specific for 

insulin, saturable and yield curvilinear Scatchard plots, 

suggesting two classes of receptors, one of high affinity (Kd=ll 

nM, neurons, 13.7 nM, glia) and one of low affinity (Kd=65 nM, 

neurons, 357 nM, glia). Light microscopic autoradiography of 

125 · 1· b' d' 1 1 1 d th · 1· I-insu in in ing to neurona cu tures revea e at insu in 

binding to neuronal cultures was localized to soma and neurites 

of neuronal cells and not primarily due to binding to the small 

percentage of glial cells which persist in neuronal cultures. 

The presence of specific receptors on neurons and astrocyte glial 

cells suggests that these cell types have preserved mechanisms 

for recognizing an insulin-like ligand as a signal in the brain. 

Regulation of neuronal insulin receptor expression is 

controlled somewhat differently from insulin receptor expression 
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in the periphery. In neuronal cultures grown for the first three 

days of culture in 10% FBS, incubation of cultures with high 

concentrations of insulin does not down regulate insulin 

receptors. Indeed, insulin binding is increased by 86% with 3 uM 

insulin. However, in neuronal cultures grown for the first three 

days in 10% plasma derived horse serum, insulin receptors are 

down regulated by insulin. This suggests that neurons might have 

the capability to change their responsiveness to brain insulin 

early in development. Whether either or both of these responses 

to insulin exist in vivo in the brain remains to be varified. It 

has been reported that exposure of mouse cortical brain cells to 

high concentrations of insulin increases cortical cell insulin 

binding (103). 

In addition, inhibition of neuronal glycosylation or 

protein synthesis does not markedly affect neuronal insulin 

binding. In peripheral tissues studied inhibition of 

glycosylation has resulted in decreased insulin binding, 

presumably by preventing insertion of newly synthesized receptors 

into the cell membrane. Inhibition of protein synthesis has been 

reported to result in increased insulin binding in peripheral 

tissues. This is thought to be due to the inhibition of 

synthesis of some protein important to the process of 

internalization, thus resulting in accumulation of receptors on 

the cell surface. These findings in neuronal cells suggest that 

glycosylation is not an important step in the processing of newly 

synthesized neuronal insulin receptor and indeed, the neuronal 
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receptor may not be glycosylated or may have reduced carbohydrate 

content. In addition, it appears that cycling of the neuronal 

receptor is different from cycling of the insulin receptor of 

peripheral tissues. 

In contrast, astrocyte glial cells consistently down 

regulate their insulin receptors in response to high 

concentrations of insulin, exhibit reduced insulin binding in 

response to inhibition of glycosylation and increased binding in 

response to inhibition of protein synthesis. All of these 

responses are similar to those seen in classical peripheral 

target tissues of insulin. 

These differences in the responses of neuronal and 

astrocyte glial cells with respect to regulation and cycling of 

insulin receptors are also apparent when other classical actions 

of insulin are studied. It has been previously reported by 

Clarke et al. (95) and Boyd et al. (104) that 2-deoxy-glucose (2-

dGlc) uptake into astrocyte glial cells in culture is stimulated 

by insulin in a manner analagous to insulin-stimulated glucose 

uptake into peripheral target tissues, but neuronal 2-dGlc uptake 

is not affected by insulin. These studies suggest that neuronal 

and astrocyte glial insulin receptors are physiologically 

different, as well as structurally different (differences in 

glycosylation) and regulated differently. 

Derek LeRoith and others working at the National Institutes 

of Health (personal communication) have found that the subunit 

structure of neuronal and glial insulin receptors are slightly 

different. The binding subunit of the neuronal insulin receptor 
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is substantially smaller than the glial a subunit or liver a 

subunit (115K, neuron vs 125K, glia and 135K, liver). This 

difference in molecular weight is not a function of newborn 

tissue vs mature tissue as newborn liver insulin receptor was 
/ 

studied as well as liver from mature animals. This difference in 

a subunit molecular weight may reflect the reduced carbohydrate 

of the neuronal receptor. 

Although the neuronal insulin receptor does not mediate 

classical actions of insulin such as stimulation of 2-dGlc 

uptake, it does mediate changes in neurotransmitter systems which 

may be the basis of many of the actions of insulin in the brain. 

Insulin inhibits norepinephrine uptake in the same manner as 

classical antidepressant agents such as maprotiline. Significant 

inhibition of norepinephrine uptake occurs at 1.67 x 10-11 
M 

insulin, a concentration which occupies fewer than 5% of neuronal 

insulin receptors, although maximum inhibition occurs in the 

range of the Ka of the the high affinity insulin receptor. 

Insulin is 600 times more potent at inhibiting norepinephrine 

uptake than the specific uptake inhibitor, maprotiline. 

Maprotiline competes for 125I-insulin binding and 100 uM 

maprotiline completely blocks 125I-insulin binding to the high 

affinitiy receptor. These finding suggest that insulin and 

maprotiline may both be acting to inhibit norepinephrine uptake 

by binding to a common receptor. Further improvements in 

antidepressant drugs may result from studying the structure

function relationships of insulin's inhibition of NE uptake. 
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Studies using neuronal cultures have satisfied many of the 

criteria for classifying insulin as a neurotransmitter. Insulin 

is synthesized in neurons (19). Insulin is released from neurons 

in response to depolarization (105). There are specific insulin 

receptors on neurons (Chapter III), which mediate actions of 

insulin which affect neurotransmission (Chapter V). The 

anatomical relationships of insulin-containing neurons and 

neurons with insulin receptors need to be studied in the intact 

brain, but it seems likely that insulin is a neurotransmitter in 

the intact brain. In addition, insulin may act locally on glial 

insulin receptors to regulate local glucose availability and may 

thus be important in maintaining brain metabolism. 

These studies suggest that insulin may have significant 

actions within the CNS. 



APPENDIX 

Cytosine Arabinoside 

cytosine arabinoside 

Dissolve in Phosphate Buffered Saline, pH 7.4. 

Filter in 20 um filters and freeze. 

Dilutt~ 1:100 for use. 

Deoxyribonuclease 

DNAse 

Dissolve in Solution D. 

Filter in 20 um filters and freeze. 

Use 1.5 ml per 10 brains. 

134 

grams/liter 

.2797 

.160 



plate. 

135 

grams/liter 

Poly-L-lysine 

Poly-L-lysine .011 

Dissolve in H2o. 

Filter in 20 um filters and freeze. 

Plate dishes with 2 ml/30 mm, 4 ml/60 mm, 8 ml/100 mm 

Trypsin 

Trypsin 2.5 

Dissolve in Solution D. 

Filter in 20 um filter and freeze in 50 ml aliquots. 

Use 25 ml per 10 brains. 
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grams/liter 

HEPES Buffer 

HEPES 26.21 

NaCl 1. 75 

Glucose 1.8 

CaC12 0.1 

MgC1 2 0.1 

Adjust pH to 7.4 for neuronal binding, 7.8 for glial 

binding. 

Must be refrigerated to prevent contamination. 



137 

Norepinephrine Uptake Buffer 

CaC12 

MgC1 2 

I<H2P04 

KCl 

NaCl 

Na2HP04 * 7 H20 

Dextrose 

Dissolve Cacl 2 in 100 ml distilled H2o 

Dissolve remainder in 800 ml. 

grams/liter 

0.1 

0.1 

0.2 

0.2 

8.0 

2.16 

6.0 

Add cacl2 , adjust pH and adjust volume to 1 liter. 

Refrigerate. 

NaCl 

KCl 

Na2HP04 

KH2Po4 

Phosphate Buffered Saline (PBS) 

Dilute 1:20 for use, adjust pH. 

160.0 

4.0 

23.0 

4.0 
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grams/liter 

Solution D 

NaCl 8.0 

KCl 0.402 

Na2HP04 0.02412 

KH2P04 0.0299 

Glucose 0.99 

Sucrose 20.17 

Penicillin 1.0 X 10 5 uni ts /1 i ter 

Streptomycin 0.1 

Fungizone 0.00025 

Phenol Red 0.2 ml/liter 

Adjust pH to 7.2 and filter through 20 um filter. 

Freeze in 500 ml aliquots. 
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